Abstract. Amorphous conducting carbon films deposited over quartz substrates were analysed using X-ray diffraction and AFM technique. X-ray diffraction data reveal disorder and roughness in the plane of graphene sheet as compared to that of graphite. This roughness increases with decrease in preparation temperature. The AFM data shows surface roughness of carbon films depending on preparation temperatures. The surface roughness increases with decrease in preparation temperature. Also some nucleating islands were seen on the samples prepared at 900°C, which are not present on the films prepared at 700°C. Detailed analysis of these islands reveals distorted graphitic lattice arrangement. So we believe these islands to be nucleating graphitic. Power spectrum density (PSD) analysis of the carbon surface indicates a transition from the nonlinear growth mode to linear surface-diffusion dominated growth mode resulting in a relatively smoother surface as one moves from low preparation temperature to high preparation temperature. The amorphous carbon films deposited over a rough quartz substrate reveal nucleating diamond like structures. The density of these nucleating diamond like structures was found to be independent of substrate temperature (700-900°C).
Introduction
Besides the crystalline forms, amorphous form of carbon has been found to be having a lot of technological applications. The properties of these amorphous carbons sensitively depend on the relative concentration of sp3 and sp2 hybridized carbons. The resulting amorphous materials are variously referred to as tetrahedral amorphous carbon (ta-C), amorphous carbon (a-C), hydrogenated amorphous carbon (a-C:H), amorphous conducting carbon (a-CC), etc. In general the carbon films rich in sp3 carbon atoms are referred to as diamond like carbons (DLC). Amorphous carbon with sp2 bonding is always present together with fullerenes, nanotubes and sp3 carbon rich forms, in almost every way of preparation. Because of vast interest in nanotubes and sp3 rich amorphous carbons for their application in field emission, device application, etc investigations on sp2 rich amorphous carbon forms are very few. Though DLC films have potential application in field emission (FE) due to their low threshold voltage, the carbon centres, which are believed to play an important role in controlling and enhancing FE properties of diamond films, are sp2 in nature (Merkulov et al 1999; Obraztsov et al 2000) . It is also believed that actual source of emission sites in DLC films are crystalline graphitic phase with sp2 bonding which is mainly present in the grain boundaries and sp3 carbon centres just provide very good medium for heat dissipation due to their high thermal conductivity (Umehara et al 2002) . So based on these observations, one can think of a better alternative material for field emission application consisting mainly of sp2 carbon atoms and only little sp3 carbon atoms just enough to dissipate heat produced during field emission. The amorphous conducting carbon films are very much different from DLC films and have predominant network of sp2 carbon atoms whereas in the DLC it is sp3 carbon atoms. Also the hydrogen content in these carbon films was found to be only 1% (C900) to 2% (C700) whereas it goes up to 40% in DLC films. So the name amorphous conducting carbon (a-CC) has been given to distinguish it from other forms of amorphous carbon mainly consisting of sp3 carbon atoms (Subramanyam 1996) .
Miniaturization of electronic device fabrication has been possible using nanotubes and self assembled molecules (Bachtold et al 2001; Javey et al 2004) . For devices out of nanotubes, the electrodes to the logic gates and to the devices are made with thin films of Au, Pt, etc. However, due to mismatch in Fermi levels of the device material and the electrode, it is always advisable to have electrodes of same material as that of the device. Metallic nanotubes can also serve this purpose. However, its one dimensionality and cost of production for pure and defect free metallic nanotubes limits its application as electrodes for nano-electronic circuits. Here a-CC seems to be a perfect candidate for such purposes owing to its low cost of production and high conducting nature. Though one can choose various methods to prepare a-CC, we *Author for correspondence (svs@physics.iisc.ernet.in) have adopted pyrolysis assisted CVD method due to its simplicity and low-cost and high yield of a-CC. Since the properties of these conducting carbon films are very much different from DLC films and hence the surface of these films is also expected to be different. The conductivity of a-CC varies from σ = 10 S/cm to 300 S/cm depending upon the preparation temperature. It was found that disorder-induced localization of electrons in amorphous conducting carbon films was responsible for MI transition in them (Sayeed 1998). So by varying the preparation conditions, the physical and chemical properties of a-CC films can be tuned for the desired technological applications. Because many physical and chemical properties such as electrical, optical are sensitive to the surface morphology, detailed knowledge and precise control over the surface roughness is of great importance. So in this paper we are presenting a comparative study of the structural changes including the surface of a-CC prepared under various conditions.
Experimental
Amorphous conducting carbon films were prepared by using high temperature pyrolysis assisted CVD of maleic anhydride (C 4 H 2 O 3 ) in argon atmosphere using two-zone furnace arrangement. About 100 mg of maleic anhydride was taken in a 50 × 1 cm quartz tube closed at one end. Polished quartz substrate (5 × 5 mm), ultrasonically cleaned in water followed by acetone was positioned at the centre of first zone of furnace inside the quartz tube. The open end of the tube was closed with a rubber bladder. The quartz tube was evacuated and purged with argon gas prior to pyrolysis. The pyrolysis process was performed for 5 h and then the furnace was switched off and allowed to cool under normal ambient conditions. The residual gas consisting of mainly CO and CO 2 were collected in the rubber bladder. This process was repeated for three different pyrolysis temperatures viz. 700°C (C700), 800°C (C800) and 900°C (C900). The thickness of the films deposited over the smooth quartz substrate was ~ 1 µm. Surface analysis of these films was carried out using AFM Nanoscope-E, Digital Instruments, with 10-micron scanner-high resolution. Cantilever used was about 115 micron from the substrate-apex of the triangular section and is of silicon nitride (Si 3 N 4 ) , same as the tip material. The base of the tip was about 4 µ in radius and about 20 nm radius at the vertex. The force constant for the entire experiment was about 0⋅58 N/m. The force used typically varied from 2-10 nN. The area of the scanned sample was 1 × 1 mm. All the AFM surface scannings were done in contact mode.
Results and discussion
Besides surface analysis, the samples were characterized using X-ray diffraction for structural changes. Figure 1 shows the X-ray diffraction plot for the samples C700, C800 and C900. XRD patterns of all the samples exhibit mainly two types of peaks: (002) resulting from stacks of parallel layer planes at 25-27° and two dimensional (10) peaks resulting from the regular structure within the individual layer plane segments at 41-47°. Peaks of the type (hkl) are absent, indicating that there is little or no stacking order in the arrangement of parallel layers. These patterns are known to be characteristic of disordered graphite like structure of carbon where the graphene layers are regularly stacked in itself but has no correlation to the next pile except for parallelism (Franklin 1950; Ruland 1968) . The interlayer spacing increases as one goes from C900 to C700 (table 1) . The results have been compared with the standard data of graphite. The simple van der Waals force between the two layers in graphite lattice gives an interlayer spacing of 0⋅344 nm and the interaction between the pi-electron clouds of the two layers reduces the interlayer spacing to 0⋅3354 nm. However, for the above interlayer spacing in graphite, the flatness of the graphite layer planes is essential. Even slightest deviation from a perfect plane can give rise to an interlayer spacing of more than 0⋅3354 nm. The value of interlayer Figure 1 . X-ray diffraction plot for C700, C800 and C900 (yaxis is relatively displaced for clarity). Shift in peak near 2θ = 25° towards higher angle for samples prepared at higher temperature shows flatness in the layers of graphine sheet. 
